Perovskite-type oxynitrides exhibit promising electrical and optical properties and can possibly be used in the future as functional materials for electrical, photo-, and electrochemical applications. Continuous heterovalent substitution of oxygen ions by nitrogen ions allows tuning of the desired optical and/or electronic properties to the application specifications. In the present work deposition of SrTiO 3 :N films by pulsed reactive crossed beam laser ablation was studied in order to examine the influence of different deposition parameters on the film crystallinity and composition. The deposited films exhibit a perovskite-type crystal structure and reveals epitaxial growth on MgO(100) substrates. The unit cell parameters of the deposited SrTiO 3 :N films range within 3.911< a < 3.919, which is slightly larger than for polycrystalline SrTiO 3 (a = 3.905). The studied films reveal an oxygen content in the range of (2.70 − 2.98) ± 0.15. The relative N content (vs. O) can be tuned within the range of 1.0%-3.0% by adjusting the deposition parameters. The N : O concentration ratio increases with increasing laser fluence and target-to-substrate distances, while the substrate temperature has a more complex influence on the nitrogen concentration. In the range of 580-650 • C the [N]/[O] ratio increases while further heating results in a gradual decrease of the N content.
Introduction
Perovskite-type materials attract great interest due to varieties of their properties and applications [1, 2] . The most common way to tune the material properties is substitution of atoms in the perovskite crystal structure. While most research efforts on perovskite-type oxides have been focused on modifications of the cation composition [2] , a less explored approach was to investigate modifications of the anion composition. However, anionic substitution provides an additional alternative possibility for modification and improvement of the properties [3] . Nitrogen is one potential candidate for replacement of oxygen in oxides, due to the similar ionic radii and electronic structures of both anions. Partial substitution u Fax: +41-56310-2688, E-mail: thomas.lippert@psi.ch of O with N in perovskites yields perovskite-type oxynitrides [3] [4] [5] . The new materials exhibit promising electrical and optical properties, which can be potentially tuned by continuous substitution of O with N [3, [6] [7] [8] [9] [10] . Perovskite-type oxynitrides were proposed as potential non-toxic inorganic pigments to replace currently used materials containing lead and other heavy metals [8, 11] . In the Ca 1−x La x TiO 3−x N x system the band gap energy (which determines the absorption edge position, i.e. the colour) can be adjusted within the range of 2.2 < E bg < 3.7 by modification of the nitrogen content [12] . BaTaO 2 N and SrTaO 2 N were shown to have high bulk dielectric permittivities in excess of 2500 [5] .
Substitution of divalent oxygen anions with trivalent nitrogen anions leads to an increase of the formal charge in the anionic sublattice. To keep the necessary neutral valence, four main different possibilities exist: 1. Cationic substitutions with cations having higher oxidation states can be used to compensate the anionic negative charge increase [9, 12] :
In this particular case, the amount of incorporated nitrogen is governed by the degree of cationic substitution, yielding an easy control over the nitrogen content. 2. Charge compensation can also be carried out by anionic vacancies formation [13, 14] :
This type of charge compensation is favourable in crystal structures, which are "tolerant" for anionic vacancies and/or if any other compensation mechanisms are nonrelevant. 3 . An increase of the anionic formal charge due to the nitrogen incorporation may result in an increase of the transition metal oxidation state [4, 7] :
This mechanism indicates a specific feature of nitrogen to stabilise the higher oxidation states of transition metals. 4. Finally, substitution of oxygen with nitrogen can result in changes of the crystal structure. This approach can be used 934 Applied Physics A -Materials Science & Processing for synthesis of new oxynitride perovskite-type phases starting from non-perovskite oxide precursors [3, 10] :
For many applications as well as for certain studies it is indispensable to produce thin films [15] . Oxynitride films can be prepared by two different approaches. The first approach is a two-step process, which implies deposition of the oxide film precursor and its subsequent thermal or plasma ammonolysis [16] . The second approach is the direct deposition of the oxynitride film in one step. The most widely used method is RF-magnetron sputtering with a reactive nitrogen plasma [17, 18] . However, this technique does not allow deposition of epitaxial films [17, 18] . Another method for the one-step deposition of oxynitrides films is pulsed laser deposition (PLD). This method allows preparation of films with complex compositions [19, 20] . In our work we study the applicability of PLD for the preparation of high quality epitaxial perovskite-type oxynitride thin films.
Titanates were chosen as model systems to investigate the influence of different deposition parameters on the crystal structure, chemical composition, and properties of the studied films. Alkaline earth titanates form corresponding oxynitrides after thermal or plasma ammonolysis [13, 14] . The resulting oxynitrides may have possible applications as photocatalysts [21] , pigments [9] , or dielectric materials for capacitors [13] .
This paper is focused on the investigation of the influence of different deposition parameters on the crystallinity, microstructure and composition of the nitrogen-doped strontium titanate films prepared by PLD.
Experimental

Film deposition
Nitrogen-doped strontium titanate (SrTiO 3 :N) films were prepared by pulsed reactive crossed beam laser ablation (PRCLA). This technique is a variant of PLD, which utilises a pulsed gas source synchronized with the laser used for ablating the target material [22] [23] [24] [25] [26] [27] [28] . The gas pulse crosses the ablation plume close to its origin. This geometry provides a high number of gas phase interactions between the ablated plasma species and molecules from the gas pulse [22] . This results in a higher plasma ionisation degree and an increased amount of the reactive anionic species, which are formed by collisions of the gas pulse molecules with the ablated plasma species. Therefore, this modification of conventional PLD allows a better control of the anionic composition of growing film by choosing an appropriate gas for the gas pulse [25, 29] . This could play an especially important role for deposition of thin films with controlled anion stoichiometry, e.g. in the case of oxynitride materials. In our studies we applied a nitrogen gas pulse coupled with a nitrogen background for deposition of SrTiO 3 :N films.
A KrF excimer laser (λ = 248 nm) was used at a repetition rate of 10 Hz. All studied films were deposited on MgO(100) substrates (1.0 cm by 1.0 cm). Several sample series were prepared to study the influence of different PLD parameters. One set of deposition parameters was chosen as the standard con-dition for comparison. In every sample series only one of these standard parameters is varied systematically, while the others are kept constant. The reference film was deposited at a laser fluence (F) of 5.0 J cm −2 . The rod-shaped ceramic SrTiO 3 target was located at a distance of 5.0 cm from the substrate, which was heated to 650 • C. Two gas sources were used during film growth: a leak valve to provide a background pressure of nitrogen (8.0 × 10 −2 Pa) and a nitrogen gas pulse, synchronised with the laser (pulse length 400 µs, feed pressure 2.0 × 10 5 Pa). More experimental details about PRCLA can be found elsewhere [22, 23] .
The influence of the following PLD parameters on the film properties was studied:
1. Laser fluence, ranging from 2.0 to 6.0 J cm −2 ; 2. Target-to-substrate (d T-S ) distance, 3.0-5.0 cm; 3. Substrate temperature (T S ), 580-720 • C; 4. Background gas and gas pulse (nitrogen and oxygen in different combinations).
Film characterisation
The film crystallinity was studied by X-ray diffraction analysis (XRD) using a Siemens D5000 diffractometer in the standard Θ − 2Θ mode (Cu K α irradiation, 2Θ range of 20-80 • , step 0.005 • , 0.3 s/step). The cubic unit cell parameters were determined from the position of the (200) film reflections. Only the (200) reflections could be used, because the intensities all other film reflections are too small to be applied for the estimation of the lattice constants. To confirm the phase composition grazing incidence X-ray diffraction measurements of some samples were performed on a Phillips X'Pert diffractometer (Cu K α irradiation, incident angle of 1 • , 2Θ range of 10-100 • , step 0.05 • , 0.5 s/step).
The film thickness was measured by a Dektak 8 profilometer (tip size of 5 µm, scanning force 3 µg, scanning speed 150 µm s −1 ) and calculated from the Rutherford backscattering data analysis. The film roughness was calculated from the profilometry data. Prior to calculations, the initial data were filtered to remove the waviness contribution by applying a cut-off filter with a wavelength of 100 µm [30] . Then, the root-mean-square roughness was calculated for a film profile, where no particles were observed.
The chemical composition of studied films (Sr : Ti : O concentration ratio) was determined by Rutherford backscattering spectrometry (RBS) [31] . The measurements were performed using a 2 MeV 4 He ion beam and a silicon surface barrier detector under 165 • . The collected RBS data were simulated with the RUMP software [32] . The experimental uncertainty in cations and oxygen stoichiometry, determined by RBS, is ±3% and ±5%, respectively. The N : O concentration ratio was obtained from elastic recoil detection analysis (ERDA). For the measurements a 12 MeV 127 I beam was used under an 18 • incident angle. The scattered recoils were identified by the combination of a time-of-flight spectrometer with a gas ionisation chamber. The experimental uncertainty in determination of the N : O concentration ratio by ERDA is ±0.005. For the reference film (deposited at a laser fluence of 5.0 J cm −2 , d T-S = 5.0 cm and T S = 650 • C), a detailed depthprofiling ERDA analysis was performed. The concentration of each element in the film was analysed as a function of depth in the range of 0-185 nm.
3
Result and discussion 3.1
General aspects of film deposition
The most probable mechanism of anionic charge compensation in N-doped strontium titanate is the formation of anionic vacancies (2), as no simultaneous substitutions in the cationic sublattices occur, and titanium is already present in the highest possible oxidation state of +4. This situation is comparable to that in the case of N-doped barium titanate, where the charge compensation also occurs via formation of oxygen ion vacancies [14] .
Pulsed laser deposition of oxides in a high vacuum typically results in the formation of oxygen-deficient films [33, 34] , because the light oxygen species (atoms and ions) have a lower sticking probability and a higher scattering degree in the ablation plasma plume, compared to the heavier cationic species. Thus, deposition of oxide films by PLD requires an additional source(s) of O to achieve deposition of films without oxygen deficiencies. The most commonly used sources of O are the background gas [20, 34] , a gas pulse (PRCLA) [26, 29] , and a RF-induced plasma plume (RFplasma assisted PLD) [35] . In our experiments the growing strontium titanate films are expected to contain anionic vacancies as no additional sources of O are used [33] . In the presence of reactive nitrogen species in the plasma these vacancies can be occupied by N atoms resulting in the formation of an oxynitride phase. This is in agreement with the mechanism of oxynitride formation in the thermal ammonolysis process, where partial reduction of the oxide precursor precedes incorporation of nitrogen into the crystal lattice [10] .
Film thickness and roughness
The film thicknesses (d) were measured by a profilometer and calculated from the combination of RBS data analysis and the unit cell parameters, using the following equation:
where (n M /S) is the film thickness in molecules per cm 2 obtained from RBS; a is the unit cell parameter calculated from XRD data. The results of these calculations for a series of films, deposited at different laser fluences at constant T S = 650 • C and d T-S = 5.0 cm, are shown in Fig. 1a together with the measured thicknesses. Both methods give similar values, suggesting good measurement accuracy. The film thicknesses increase with increasing laser fluence due to the higher target ablation rate [24] . Figure 1b shows the comparison of fluence dependencies of the ablation rate (measured on the 93% dense polycrystalline SrTiO 3 target used for PRCLA) vs. the deposition rate (calculated from the film thickness assuming 100% dense films). Both the ablation and the deposition rates increase continuously with increasing the laser fluence up to 8 J cm −2 . The ratio between the deposition and the ablation rates (transport factor) is ∼ 1% and has a minor fluence dependence (insert in Fig. 1b ). This suggests that within the The insert shows variations of the transport factor (ratio between the deposition and the ablation rates) with the laser fluence studied laser fluence range, the material transport from the target to the substrate is essentially independent on the laser fluence. A small transport factor of ∼ 1% indicates that most of the ablated material is lost during the deposition due to the small size of the substrate compared to the ablation plume volume at the target-to-substrate distance of 5 cm and scattering of the ablated species by collisions in the gas phase during the material transport from the target to the substrate. Figure 2a shows the changes of the film thickness as a function of the target-to-substrate distance. The decrease of the thicknesses with increasing d T-S is due to the higher degree of plasma scattering, which results in a smaller amount of the ablated target material arriving at the substrate [24] . As a result, the deposition rate and therefore the film thickness decrease with increasing target-to-substrate distance. No influence of the substrate temperature on the film thicknesses was found within the studied temperature range of 580-720 • C (Fig. 2b) .
The film roughness as a function of substrate temperature is shown in Fig. 3 . The roughness tends to increase with increasing substrate temperature. Deposition at higher temperatures results in a higher mobility of atoms, ions and clusters at the substrate surface, which may lead to the formation of larger crystallites at the surface of a growing film. There-936 Applied Physics A -Materials Science & Processing fore the films, grown at higher substrate temperatures, exhibit larger surface topographic features and higher roughness. The influence of other studied deposition parameters on the film roughness is less pronounced. Films grown at different laser fluences and target-to-substrate distances exhibit a roughness in the range of 0.83-1.41 nm, depending mainly on the homo-geneity of the substrate heating. A relatively low roughness of 0.56 nm is achieved for the films grown at the lowest laser fluence of 2 J cm −2 , which can be explained by the significantly lower film thickness.
Film composition
The chemical composition of the films was determined in two steps. First, RBS measurements were performed to obtain the Sr : Ti : O stoichiometry. However, the sensitivity of RBS for light elements is relatively poor [31] , therefore, ERDA was performed to obtain the N concentration. The utilisation of a substrate (MgO) with only light elements results in a smaller uncertainty of RBS data analysis [31] . An example of a RBS spectrum including the fitting is presented in Fig. 4a . A small barium contamination (∼ 0.5% vs. Sr concentration) is found in all samples. This contamination originates from the SrTiO 3 target, which has been confirmed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) of the target material. The physico-chemical properties of Ba 2+ are very similar to those of Sr 2+ [36] . Thus, a minor amount of barium acts as an isovalent dopand in the A-site of SrTiO 3 and has most probably a minor influence on the crystal structure and properties of the grown films. The RBS analysis confirms also a stoichiometric transport of the cations from the target to the growing films. The difference between the Sr and Ti content in the films is small and is within the limit of experimental uncertainty.
The oxygen content ([O]), determined by RBS, typically lies in the range 2.75 < [O] < 2.98 ± 0.15. The lowest O concentration of 2.70 ± 0.15 was detected in the sample deposited at the shortest target-to-substrate distance of 3.0 cm, which could be due to an increased probability of resputtering of light elements, such as O (and N), at low target-to-substrate distances by plasma species with high kinetic energies [37] . The observed values of oxygen content in the studied films are very close to the ideal stoichiometry value for 3-dimensional perovskites of 3. This is rather remarkable, as the only oxygen source used during deposition is the target, and normally an additional source(s) of oxygen must be supplied to achieve almost ideal oxygen contents in the oxide films deposited by PLD, or to achieve a pure perovskite phase at all [26, 29, 34, 35] . The oxygen content in the studied films is higher compared to the reported value of 2.50 in the strontium titanate films, deposited by PLD at a base pressure of < 10 −5 Pa, while deposition with an oxygen background pressure of 50 Pa results in less oxygen-deficient films ([O] = 2.95) [33] . This is different to the classical synthesis of titanates in air or oxygen atmosphere, where titanates with ideal stoichiometric oxygen content are usually obtained (i.e. SrTiO 3 ). Previous investigations have shown, that cobaltate and manganate perovskite-type films, prepared by PRCLA using two oxygen sources (N 2 O for the gas pulse and O 2 as the background), can exhibit relatively high oxygen deficiencies of up to δ = 0.6 [26, 29] . Most of the films, studied in this work, were deposited using N 2 for the gas pulse and as background gas, i.e. no oxidizing source was used. The high oxygen content in the SrTiO 3 :N films is therefore prominent and not yet fully understood, as the sticking probability and scattering degree of oxygen should not be influenced too strongly by using N 2 as background gas compared to O 2 . This unambiguously suggests that the oxygen content in films, prepared by PLD, is strongly influenced by the nature of the applied material in addition to the deposition parameters as reported elsewhere [24, 29] .
The nitrogen content ([N]) in the prepared SrTiO 3 :N films was determined by ERDA and normalized to the oxygen content. Figure 5 presents the relative N concentration as a function of different deposition parameters. The nitrogento-oxygen concentration ratio ([N]/[O]) increases with the laser fluence, reaching a maximum value of 0.030 ± 0.005 at a laser fluence of 6.0 J cm −2 , which corresponds to a nitrogen content of Sr 1.02 Ti 0.98 O 2.95 N 0.089 (Fig. 5a ). The probability of incorporation of N species in the film arriving at the heated substrate depends mainly on their chemical reactivity and the substrate temperature, although other parameters such as the presence of oxygen species also have an influence. Higher laser fluences result in higher ablation rates, kinetic energies, and plasma ionisation degrees, which leads to a higher reactivity of the nitrogen species, e.g. by forma- tion of N or N * by collisions of the energetic plasma species with N 2 molecules from the gas pulse and background [22] . This results in an increase of the relative N concentration in the films with increasing laser fluence. The variation of the nitrogen content vs. the substrate temperature is presented in Fig. 5b . The nitrogen content increases for T S between 615 and 650 • C and decreases slightly upon further heating. The sudden increase of the relative N concentration could be associated with an enhanced kinetics of the oxynitride phase formation due to a higher surface mobility and bulk diffusion of the reactive nitrogen species from the plasma at the substrate surface [24] . Further heating, above T ∼ 650 • C, results in a gradual decrease of incorporated nitrogen due to the lower thermodynamical stability of the oxynitride phase compared to the oxide [3] . This can also be related to the lower sticking probability of the lighter N species compared to oxygen. In Fig. 5c the relative nitrogen concentration is shown as a function of the target-to-substrate distance. The nitrogen content has a tendency to increase with increasing d T-S . Most probably this originates from a preferential resputtering of lattice nitrogen by the plasma at lower target-to-substrate distances, where the arriving plasma species have higher kinetic energies [38] . This may be due to the lower sticking probability of N compared to O or due to thermodynamical reasons (resputtering of N atoms from the growing film in the form of very stable N 2 molecules).
It is noteworthy to mention, that the highest N : O concentration ratio of 3.0% among the studied SrTiO 3 :N films is very close to the value of ∼ 3.5% obtained for another N-doped alkaline earth titanate -BaTiO 3 :N, prepared by thermal ammonolysis at 950 • C [14] .
Depth-profiling analysis of ERDA data was performed for the reference film (deposited at a laser fluence of 5.0 J cm −2 , d T-S = 5.0 cm and T S = 650 • C). The atomic concentration of each element was analysed as a function of the depth in the range of 0-185 nm. The results of this analysis are presented in Fig. 4b . No changes in the concentration of cations were detected within the studied depth range. The depth profile of the N content in the film is almost flat, indicating that no essential re-exchange of the incorporated N with O from air occurs at the film surface upon its storage at room temperature. The analysis of the oxygen concentration in the film shows that the O content is higher at the film surface region and lower in the bulk of the film. This originates most probably from an oxygen uptake by the anion-deficient SrTiO 3 :N phase, which occurs at the film surface. The averaged film composition, obtained from the ERDA depth profiling data over the range of 0-185 nm is Sr 0.94 Ti 1.06 O 2.91 N 0.076 , which is in good agreement with the RBS analysis, i.e. Sr 0.99 Ti 1.01 O 2.80 over the film thickness of ∼ 440 nm, of the same film (Fig. 4a ). The slightly higher oxygen content (compared to the RBS results) may originate from the smaller analytical depth of ERDA, where the high O concentration at the film surface results in a higher overall oxygen content. However, the difference in the O content obtained from RBS and ERDA analyses is small and is within the limits of experimental uncertainty.
Two films were also prepared where N 2 was replaced by O 2 , either in the gas pulse or in the background to study the influence of the presence of an oxidizing source on the nitrogen content (i.e. one film was prepared with N 2 in the gas pulse and in O 2 background while another one with O 2 in the gas pulse and in N 2 background). For both samples no N could be detected by ERDA in the films. This is in agreement with theoretical estimations, which predict that at high temperatures in oxidizing atmosphere (i.e. in the presence of oxygen) the formation of the oxide phase is thermodynamically much more favourable than the formation of an oxynitride due to the high stability of N 2 [3] .
A control of the composition by deposition parameters in PLD allows the deposition of films with desired N and O con-tents (within the certain limits, e.g. SrTiO 2.70−2.98 N 0.030−0.089 ). This is the basis for an understanding of the influence of the N content and the possible oxygen deficiency on the properties of oxynitrides films, such as color, conductivity, band gap energy, dielectric permittivity, etc.
3.4
Structural characterisation of SrTiO 3 :N films. Film crystallinity and unit cell parameters Figure 6 shows typical X-ray diffraction spectra of the deposited N-doped SrTiO 3 films. The pattern of a MgO(100) substrate is shown for comparison. Due to the small film thickness compared to the analysis depth, the spectra reveal a strong (200) reflection of the MgO single crystalline substrate (2Θ ∼ 42.9 • ). A small peak at 2Θ ∼ 38.6 • also belongs to the MgO(200) reflection due to the Cu K β X-ray source irradiation line, which was suppressed but not eliminated completely by the diffractometer filter. Analysis of the other reflections shows that all of them belong to the (X00) peak series of strontium titanate. This suggests epitaxial film growth despite the relatively large lattice mismatch (LM) with the substrate, which is defined as:
where a(MgO) is the unit cell parameter of the MgO substrate (4.211 Å); a(SrTiO 3 bulk) is the unit cell parameter of the bulk SrTiO 3 (3.905 Å). The lattice mismatch is compensated by a tensile strain in the growing film. The relative intensity of the (200) film reflection increases with increasing the laser fluence ( Fig. 6 ) due to an increase of the film thickness. Most of the studied films reveal epitaxial growth along the (100) plane direction, as described above for the sample series deposited at different laser fluences. However, for the film, deposited at the lowest substrate temperature of 580 • C, an additional (110) reflection was detected in the XRD spectra, indicating a non-oriented growth with poor crystallinity and mixed crystallographic orientations (Fig. 7) . This clearly indicates that the substrate temperature is determining the crystallographic orientation if the other deposition parameters are constant [24] . An increase of the temperature improves the surface mobility of ions, atoms, and clusters at the substrate, resulting in a higher probability for epitaxial film growth and improved crystallinity. For the substrate temperature of 615 • C the film XRD pattern reveals just a very weak (110) reflection of strontium titanate, while for deposition at higher temperatures (650-720 • C) only epitaxial (100) oriented films with no traces of other orientations are obtained ( Fig. 7) . Figure 8 presents a typical XRD pattern of a SrTiO 3 :N film recorded in the grazing incidence mode. The PDF card for SrTiO 3 from the JCPDF database is included as a reference. The XRD pattern reveals a diffraction pattern of polycrystalline strontium titanate due to the small fixed incident angle of the X-rays of 1 • . In this case (100) crystallographic planes from the film bulk do not give any diffraction reflections as the Bragg's condition for diffraction maximum is not satisfied. The penetration depth of X-rays at this small incident angle is considerably lower compared to a Θ-2Θ scan. Therefore the film roughness (i.e. topographic features at the film surface) is more important in the grazing incidence XRD, resulting in a diffraction pattern of randomly oriented crystallographic planes. The comparison between the diffraction pattern of the film and the PDF card for pure SrTiO 3 unambiguously suggests the formation of a single cubic perovskite-type phase with no traces of impurities.
The unit cell parameters of the studied films, calculated from the XRD data, are presented in Fig. 9 as a function of the film thickness (d). The lattice constants of all SrTiO 3 :N films are slightly larger compared to bulk strontium titanate due to a number of reasons, such as anionic deficiency of the FIGURE 8 Grazing incidence diffraction pattern of a film. All observed reflections are in agreement with those of SrTiO 3 , confirming the perovskitetype phase purity resulting films [39, 40] , N incorporation into the crystal lattice, and a positive lattice mismatch with the substrates. The comparison of the lattice constants of the oxynitride films to the corresponding oxide films (Fig. 9) shows that the oxynitrides have larger unit cell parameters than the corresponding oxides. Therefore, a more precise analysis of the substrate influence on the film lattice constant can be performed by subtracting the increase due to substitution of the smaller oxygen anions in an oxide phase with the larger nitrogen anions in an oxynitride, which can be roughly estimated from the follow- 
where a(oxynitride) and a (oxide) are the unit cell parameter of the oxynitride and the corresponding N-subtracted oxide, respectively; R(i) is the crystallographic radius of the element i (R(Ti) = 0.745 Å, R(O) = 1.21 Å, R(N) ≈ 1.29 Å [41]);
The unit cell parameters of the studied films as a function of the film thickness. Filled circles guided by a solid line represent lattice constants calculated from XRD data. Open squares guided by a dashed line represent "N influence subtracted" lattice constants (see more details in the text) ω is the atomic fraction of oxygen substituted with nitrogen in the oxynitride. The resulting subtracted values (a ), shown in Fig. 9 as open squares, are in good agreement with those for oxide films. The unit cell parameters of films with thicknesses below ∼ 200-250 nm are higher, compared to others with larger thickness due to the influence of the positive lattice mismatch with the MgO substrates, which is compensated by a tensile strain [40, 42, 43] .
